The sinter structure and its characteristics mainly depend on the raw material chemistry, size, size distribution and the sintering process parameters. In sintering process heat is supplied by coke breeze in the sinter mix to raise the bed temperature to achieve partial fusion and diffusion bonding. Airflow rate and flame front speed in sintering process has been found to guide the performance of the sinter plant and these parameters mainly depends on the sinter bed permeability. The flame front speed (bed permeability) has been considered as one of the important operating parameter and it depends on several factors; the feed size of the sinter being one of the most important parameter among them. Since iron ore proportion is at higher side in the sinter mix, its size fraction is very important. JSW Steel sinter plant receives iron ore fines of -10 mm size from Bellary -Hospet region which consist of 3 to 9% bigger than 10 mm and 30 to 35% smaller than 0.15 mm size fraction. It is well known that larger particles favour diffusion bonding and smaller particles favour slag bonding in sintering process. Accordingly, the study of the assimilation characteristics of different size range iron ore has an important role to control the reactions in the sinter bed and to obtain the target mineral structure. Too much variation in coarser and finer particle size range in sinter mix, the behavior of these +10 mm and -0.15 mm particles have been a subject of investigation and it is necessary to understand the role of iron ore particle size on sinter microstructure, sinter strength, sinter RDI, and productivity. In present work pot grate sintering experiments have been carried out in laboratory with different level iron ore size (mean particle size from 1.22 to 3.95 mm) to understand the influence of iron ore mean particle size on mineralogy, productivity, physical and metallurgical properties of the sinter. Sinter productivity increased with increase in iron ore mean particle size due to increased flame front speed (FFS) and improved bed permeability with lower sintering time. Sinter with iron ore mean particle size of 2.59 mm (Classifier fines) yielded better sinter strength with lower fines (-5 mm) and lower RDI. Higher sinter strength is due to effective distribution of acicular silico ferrites of calcium and alumina (SFCA) phases. The improvement in sinter RDI is due to the change in proportion of magnetite and hematite phase with flame front speed.
Introduction
Iron ore sinter is usually the major component of a blast furnace's iron bearing material. Sinter product consists of various mineral phases produced by sintering of iron ore with fluxes and coke breeze. Coke breeze is used as fuel in the sinter mix and it supplies necessary heat energy for sintering. During sintering process coke breeze raises the temperature of the green mix within the sinter bed to achieve partial fusion and diffusion bonding and on cooling the different mineral phases crystallizes and bond the structure together to form strong sinter. The parameters which influence melt formation and subsequent solidification of mineral phases are of great importance in sinter making. Airflow rate and flame front speed in sintering process has been found to guide the performance of the sinter plant and this parameter mainly depends on the sinter bed permeability.
Water addition, particle size distribution, ore porosity, surface properties of the iron ore and the wettability of the iron ore by water are important factors that affect the granulation efficiency and permeability of the green sinter bed. 1, 2) The permeability of the sinter bed in turn controls the productivity of the sinter plant, as well as the microstructure and other properties of the produced sinter. The flame front speed and gas flow through the bed governs the temperature profile through the bed. Sinter bed permeability depends on several factors and sinter green mix feed size is one of most important among them. In the sinter mix, compared to other raw materials the iron ore proportion is at higher side and its size fraction is more important. Several sinter plants are using smaller than 10 mm size as sinter feed with maximum 15% -0.150 mm size fines. We have been sintering -10 mm particles of iron ore fines, which consist of 3 to 9% bigger than 10 mm and 30 to 35% smaller than 0.15 mm size fraction. It is known that larger particles favour the diffusion bonding and smaller particles favour the slag bonding in sintering process. More fraction of smaller particles form excessive melt and deteriorating the sinter © 2011 ISIJ bed permeability and more fraction of bigger particles do not go into the melt and lack in strength and result in poor sinter characteristics with higher return fines. To get good sinter properties and productivity it is necessary to optimize the iron ore feed size in sintering process. In present investigation pot grate sintering experiments were carried out with various size iron ore fines (1.22 to 3.95 mm mean size) to study the influence of iron ore feed size on properties and productivity of the sinter.
Various researchers define the sizes of the nucleus and adhering particles differently. According to Bergstrand et al. the nucleus forming particles are +1 mm, while the adhering particles are -0.5 mm in size, 3) while Khosa and Manuel reported the adhering size fraction to be -0.1 mm. 4) Formoso et al. defined the nucleus of the quasi particles as being +0.7 mm, with the adhering fines as -0.2 mm.
5) According to Sahoo K. C. et al., the use of very fine particles of iron ore has an influence on sinter strength.
6)

Experimental
Materials and Methods
Raw materials like iron ore fines from stock yard as well as beneficiation plant classifier product, limestone, dolomite, coke breeze, sinter return fines and calcined lime were used for the laboratory pot grate sintering studies. Table 1 shows the chemical analysis of raw material and Table 2 shows the size distribution of fluxes, coke breeze and blast furnace return fines. Figure 1 shows the size distribution of iron ore fines and beneficiation plant classifier product. Table 3 shows the iron ore mean particle size based on size analysis and the mean size of the each material is considered for discussion of the results. In the coarser mean particle size 3.95 to 2.88 mm the top size +10 mm size was varied from 12 to 3% and in the finer mean particle size 2.59 to 1.22 mm top size was varied from -10 mm to -3 mm size (+8, +6, +3, +1 ) to know the influence of coarser and finer particle size on assimilation and sinter properties. For 2.59 mm mean particle size experiment (Exp 5) beneficiation plant classifier product was used directly after drying. With decreasing or increasing the upper size of the iron ore fines the mean size of the iron ore fines will change. With decreasing the coarser size fraction increases the finer size fraction in iron ore fines.
Sintering
For each individual iron ore fines of different mean sizes, pot grate sinter experiments were carried out by preparing the granules in lab scale granulation drum. The raw material mix proportion is shown in Table 4 . In this project the raw material mix proportion mainly related to iron ore fines chemical composition. In Indian iron ore fines the -150 micron size consists of more alumina and silica. The variation in chemical composition of each mix was due to change in size distribution. Decrease in mean particle size of the iron ore fines increases fineness (-150 micron) of iron ore fines. The specification of the laboratory granulation drum is given in Table 5 .
Small pile was prepared by layering the iron ore fines, coke breeze, flux and return fines on weight basis (Table 4) on ground floor. All these constituents were thoroughly mixed. After ensuring proper mixing of these raw materials, the base was transferred to the granulation drum. Granules were prepared in granulation drum by maintaining a granulation time of 6 minutes.
The time required for different actions in granulation cycle is given below:
Dry mixing -2 minutes; 4 minutes -preparation of granules by addition of water. Figure 2 shows the laboratory sintering facility used in this work. Sintering tests were carried out in a batch circular shaped sintering unit of 300 mm dia 600 mm height sinter box having removable grate bar at the bottom. The sinter mix charge was about 65 kg and the hearth layer charge was 5 kg. The sinter mix (granules) prepared in a laboratory granulation drum was put into the pot up to the top layer level. Spray 50-60 grams of +3.15 mm to -5 mm size coke breeze on the top of the green mix bed for better ignition of the top layer. Ignite the top layer with the mixture of L.P.Gas and compressed air for a period of 2.5-3 min (During ignition keep -200 to -300 mmwc pressure). Put off the burner after ignition and maintain -600 to -700 mmwc pressure for 2-3 min for better continuation of the sintering flame front. Vacuum 1 300 mmwc was maintained by operating the exhaust fan till the completion of sintering which was known from the temperature of the wind box (Burn through point). The sinter was allowed to cool by ambient air and sinter cake was dislodged.
Laboratory scale sinter test condition is shown in Table  6 . The size parameters of iron ore fines were studied in detail.
Microstructural Studies
Sinter products of all experiments were collected for microstructural examination. The sinter grains of ~1 to 3 mm size were mounted in epoxy resin and vacuum impregnated. These sections were polished by using silicon carbide paper up to 1 000 grit using water as a lubricant. A final polish to 0.5 micron was obtained using diamond paste. The specimens were examined using a light microscope in reflection. The volume proportions of phases in sinter were estimated by using the image analyzer.
Sinter Properties
The sinter produced from pot tests were tested for physical and metallurgical properties, including tumbler index (T.I), abrasion index (AI), and reduction degradation index (RDI).
Results and Discussion
Minerology of Raw Materials
The microscopic study reveals that the hematite was the major iron bearing mineral and also associated with minor quantity of magnetite, goethite, limonite, koalinite and quartz. Calcite was the major mineral present in limestone. The minerals, dolomite and quartz were also present in minor quantity. and phase analysis is shown in Fig. 4 .
Micrograph of sinter with iron ore mean particle size of 2.59 mm was (Classifier product) associated with maximum amount of calcium ferrites and these calcium ferrites were uniformly distributed with other phases like hematite, magnetite, silicate and pores (Fig. 3E) . The micrographs of sinter with coarser (2.88, 3.13, 3.63, 3.95 mm) and finer (1.22, Chemistry The Alumina percentage in the sinter decreases as the iron ore mean particle size increases (Fig. 5) because of decrease in smaller than 0.15 mm size fraction in iron ore fines. Indian iron ore fines of Bellary -Hospet region are associated with higher alumina at finer fraction. Figure 6 shows the influence of alumina content on FeO percentage. FeO percentage in the sinter initially increases, reaches maximum at alumina content 2.75% and again declines afterwards with increase in alumina percentage. It is well known that FeO percentage decreases with increase in alumina because, alumina demands higher sintering temperature due to its refractory nature. But in our case, initially FeO content increased afterwards decreased with increase in alumina percentage. In the present work FeO content in sinter is closely related to iron ore mean particle size and flame front speed (sinter bed permeability) rather than sinter alumina content. Figure 7 shows the effect of iron ore mean particle size on sinter productivity and sintering time. Figure 8 shows the influence of iron ore mean particle size on FFS and -0.15 mm fraction. Sinter productivity and FFS increased with an increase of iron ore mean particle size. Higher FFS means lower sintering time and higher productivity. Finer fraction i.e. -0.15 mm increases with decrease in iron ore mean particle size and a large quantity of finer particle in the sinter mix decreases the granulation efficiency and reduces the FFS.
Influence of Iron Ore Mean Particle Size on Sinter Productivity
Granulation efficiency will influence bed permeability and airflow rate in the sinter bed, the rate of descent of the flame front, and the bed temperature profile as a function of time. Figure 9 shows the effect of FFS on hematite and magnetite phase percentage in sinter. The sinter with coarser (2.88, 3.13, 3.63, 3.95 mm) and finer (1.22, 1.81, 2.17, 2.52 mm) iron ore mean particle size associated with higher hematite and lesser magnetite compared to sinter with 2.59 mm mean particle size.
7)
During sintering process in the heating regime, higher oxides are reduced to lower oxides and during subsequent cooling, oxidation of lower oxides takes place. FFS increas- es with increase in iron ore mean particle size due to increase in bed permeability and air flow rate by lowering the sintering time. This internally improves the extent of oxidation of iron oxide phases. This has led to increase in primary hematite and decrease in magnetite phase in sinter with coarser iron ore fines mean particle size (2.88, 3.13, 3.63, 3.95 mm). But at finer iron ore mean particle size (1.22, 1.81, 2.17, 2.52 mm) FFS decreases with decrease in iron ore mean particle size due to decrease in sinter bed permeability and airflow rate by increasing the sintering time. At this stage sinter bed permeability decreased due to inconsistency in mixing and granulation due to large quantity of finer fractions, non uniformity of the sinter bed, uneven heat front, sintering reaction and formation of more melt. Increase in sintering time also subsequently demands long cooling time. The sinters cooled slowly in air contain more secondary hematite due to re-oxidation of magnetite at the surface compared to intermediate iron ore mean particle size (2.59 mm).
Sinter with coarser and finer iron ore mean particle size consists of higher hematite and lower magnetite phase compared to intermediate mean particle size due to too much increase and decrease in FFS (bed permeability). So mean particle size and FFS are strongly related parameters compared to alumina content of the iron ore. C. Manoj Kumar et al. also found that the movement of flame front along the sinter bed is one of the key process parameters which affects formation and stabilization of phases in sinter. 8 ) Figure 10 shows the influence of iron ore mean particle size on sinter bed shrinkage and porosity. Sinter bed shrinkage percentage decreases with increase in iron ore mean particle size. Figure 11 shows the effect of -0.15 mm fraction on FFS and sinter bed shrinkage. When the shrinkage percentage decreased, the permeability during sintering process increased hence the FFS and sintering speed. Larger particles in the sinter bed retain the shrinkage of the sinter cake by crystal bonding and improve the FFS by improving the sinter bed permeability. Finer particles easily go into the melt and melt formation rate increases with increase in finer particles so higher the shrinkage of the sinter bed. Hidetoshi Noda et al. found that particle size of iron ore or area of reaction interface is considered to have a great influence on sinter bed shrinkage volume. 9) S. Sato et al. also found that shrinkage tends to decrease with an increase of iron ore particle size.
10)
Influence of Iron Ore Mean Particle Size on Sinter
Strength and Reduction Degradation Index 3.4.1. Influence on Strength
The effect of iron ore mean particle size on tumbler index and -5 mm sinter size is shown in Fig. 12 . Experimental results shows that sinter strength initially increased and reaches maximum at iron ore mean size of 2.59 (classifier product) and afterwards declines with increase in iron ore mean particle size.
Finer fraction (-0.15 mm) increases with decrease in iron ore mean particle size (Fig. 8) . For higher finer fraction addition of lime fines improves the granulation efficiency. At constant lime addition with higher fines in iron ore, the added lime may not be adequate for the proper granulation. More fines in the mix may not properly mix with the fluxes 10 . Effect of iron ore mean particle size sinter bed shrinkage and porosity. & coke breeze and due to this reason sinter bed may not be homogeneous. In the sinter mix the reaction of iron ore with lime accompanies the formation of liquid phase. With higher fines content in the sinter mix the movement of the heat front become uneven since some part of the bed melts faster than the CaO deficient region and a weak fusible structures are formed in sinter (Figs. 3(A), 3(B). Consequently binding structure of fused (Over sintered) parts are weakened and this leads to a deterioration of sinter strength. At lower iron ore mean size super fusion is enhanced locally in iron ore with larger shrinkage.
9)
Sinter with finer mean particle size associated with higher alumina (Fig. 5) . Two types of SFCA phases are forming during sintering based on alumina content. The lath like SFCA forms from melts that are high in alumina and is associated with glass and poor matrix strength, while needle like SFCA is associated with higher strength and forms from low alumina, high Fe melts. Alumina increases the melting point of SFCA, thereby enabling lath like SFCA to be stabilized at higher temperatures. At finer iron ore mean particle size more number of lath like SFCA phases can be observed. These lath like SFCA phases are weaker than needle like SFCA phases and deteriorate the sinter strength. These SFCA phases are not uniformly distributed with other mineral phases (Figs. 3(A), 3(B) ).
With increase in iron ore mean particle size finer fraction decreases and there by increases the FFS and decreases the shrinkage percentage. Here formation of SFCA phases decreased due to non availability of sufficient time for reaction of silicate melt with hematite particles (Fig. 4) . Due to decrease in SFCA phases the sinter strength deteriorated (Figs. 3(F)-3(I) ). Sinter with larger iron ore mean particle size shows lower T.I due to presence of lower amounts of SFCA phases and these phases are known to be stronger and main bonding phase in sinter. High content of calcium ferrites favors the tumbler strength of the sinter. 11 ,12) Figure 13 shows the influence of SFCA phase on sinter tumbler index. Sinter with iron ore mean particle size of 2.59 mm associated with maximum needle like SFCA phase compared to lower and higher iron ore mean size. Sinter with iron ore mean size of 2.59 mm shows higher tumbler index due to presence of higher needle like SFCA phase (Fig. 3(E) ). These sinter structures consist of well balanced mineral structure and these mineral phases were uniformly distributed. This effect may be due to more control on too coarser and too finer fraction of iron ore in the sinter mix and this provided sufficient time for sintering reaction. It is a well established fact that the strength of sinter to a large extent is dependent on the properties and quantities of the resultant matrix. Figure 14 shows the influence of sinter porosity on sinter strength (T.I). Porosity of the iron ore sinter was not influenced by the finer iron ore fines of mean particle size less than 2.59 mm because of uneven sintering and FFS due to decrease in sinter permeability. But porosity of the sinter increased with increase in iron ore mean particle size from 2.59 to 3.95 mm due to increase in bed permeability and non availability of sufficient time for reaction of bigger size particles to form fusion and diffusion bonding. The iron ore mean particle size of 2.59 mm shows minimum porosity i.e. 18.4%. Sinter strength with coarser mean particle size of greater than 2.59 mm shows decreasing trend with increase in sinter porosity. Sinter strength was higher at sinter mean particle size 2.59 mm.
13)
The sinter with iron ore mean particle size of 2.59 mm shows lower sinter fines due to higher strength (Fig. 12) . The sinter fines generation is directly proportional to strength of the produced sinter.
Influence on Reduction Degradation Index (RDI)
Reduction degradation index (RDI) of sinter indicates their tendency to generate fines (RDI -3.15 mm) and dust (RDI -0.5 mm) during reduction in the blast furnace. The influence of iron ore mean particle size on sinter RDI (-3.15 mm) is shown in Fig. 15 .
From the experimental data it is seen that sinter made by using 2.59 mm iron ore mean particle size gives strong sinter with lower RDI. The acceptable RDI (-3.15 mm) value for blast furnace is 27.0%. Sinter with iron ore mean particle size of 2.17 and 2.52 shows better RDI within acceptable range. This is due to the presence of higher magnetite and lower hematite (Fig. 4) . The improvement in sinter RDI at 2.59 mm iron ore mean size is due to change in mineralogy of the sinter and required time available for sintering process with improved bed permeability both before ignition and during sintering. This effect may be due to control on coarser (+10 mm) and finer (-0.15 mm) fractions in the iron ore fines. Increase in magnetite phase and decrease in skeletal hematite are some of the factors which are responsible for the improvement in RDI value of sinter. 14) Sinter with coarser (2.88, 3.13, 3.63, 3.95 mm) and finer iron ore mean particle size (1.22, 1.81 mm) shows higher RDI. At coarser size iron ore mean particle size bed permeability was good but assimilation of coarser hematite particles with slag phase is very poor due to limited physical contact of coarser solid particles and the limited reaction time during sintering.
At finer size of iron ore mean particle size thermal efficiency of sinter bed was not uniform due to decrease in sinter bed permeability due to increased finer farction. The calcination of fluxes, reaction rate and assimilation with other minerals depends on thermal efficiency of the sinter bed and FFS.
Sinter with iron ore mean particle size of 2.59 mm associated with maximum needle like SFCA phase compared to lower and higher iron ore mean particle size. Improvement in sinter RDI was due to presence of stronger needle like SFCA phases and stabilization of fine porosity by SFCA phase.
At optimum iron ore mean size (2.59 mm) the decrease in RDI is due to control of porosity (Fig. 14) , improvement in sinter composition and distribution of mineral phases with silicate melt (Fig. 3E ).
Conclusions
Sinter productivity increased with an increase of iron ore mean particle size due to increase in flame front speed. Flame front speed is related with sinter bed permeability and airflow rate. Change in sinter structure was related with flame front speed. Sinter with coarser and finer iron ore mean particle size consists of higher hematite and lower magnetite phase compared to intermediate mean particle size. This is due to too much increase and decrease in FFS at coarser and finer iron ore mean particle size.
Sinter with iron ore mean particle size of 2.59 showed better strength and RDI properties due to presence of well balanced and uniformly distributed mineral structure. Sinter strength (T.I) is related with amount of -5 mm sinter fines and needle like SFCA phase. Sinter RDI is related with porosity and proportion of magnetite and hematite phase including secondary hematite.
